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SUMMARY

Cathodic protecticn was sprlied to the underwater hull
of the AFIL-12, a tioating dry dock, on 3 Novcmber 1950,
Its state hes been continuously monitored with semiweekly sur-
veys. A six mcnthe! study shows that proteciion can be
achieved with 2 single pronerly placed anvde and as little es
elght amperes or thirty-five watts of electrical power. The
total cost of materials used for the instaliationr design re-
sulting frem this study is balow 3400, The single anode in-
stallation is shown o be sstisfoctory, yet less complex and
less costly %icn previously recommerded systews which in-
volve siructures to support strings of enodes firoxz the moor-
ing pier or booms holiling anodes over ihe siie. Tost coupoens,
made of ehips! hull steel, showed negligible loss of steel at
the protected surfaces; whereas, unprotvected surfaces may be
losirg metal from bare areas at the rate of 100 gna/sqft/yr.
Thie study will contimue for a yesr o more sard/or until such
tims asz the ship has her present mocring changed., A final re-
port or addenda to this roport will be cede at that timo,
modifying, if required, the conclusions of this report.

Expansion of the cathodlc protection system used on
the AFDL-12 to a mu %iple ship installatiun would require
very 1little additional ecuipment dbut would demend contimual
or veriodic monitoring.



INTRODUCTION

Cathodic prctsction is a system of electrolytic ceor-
rosion mitirsation in which a counter electromotira force 1s
used to oprose the naturally occuring currcnts due to an
ionic exchangs between an electrolyte and a metallic sur—
face in contact. The basic principles of cathodic protec-
tion are not new, being realized by Sir Humchrey Davies as
far back as 1825 when he recommended the use of zinc to pro-
tect the covmor hull of somad of His Majesties shins., » dls~
cusslon of the physical principles involved in cathoédle pro-
tection is given in Appondix I,

THE TRY DOCK INSTALLATICN AT LONG BEACH

The National Cerbon Division of tvhe Union Cerbido and
Chenicel Corporation, Cleveland, Ohic, eupniizd a numbor of
sodiun~-trested gravhite anodes, four inches in dlamster by
forty inches long, to be used in an inratallaetion for epply-
ing cathodic nrotection to the undexwszter hull of the
AFIL-12. The ATIL-12 is a 100C-tor. floating dry dock and
has about 12,000 square feet of underwater surfacc.

The installation, cesigned, instailed and tested by
members of the Laboratory technical etaff, with the helpful
sugrostions of Mr. J., P. Oliver of the Naticnel Cardon Di-
vigion, in addition to protecting t:> underwater hull of
the AFIL-12, has end will contimue to give helpful reasarch
and engineering data to be used in general underwater cor-
rosion mitimetion. The Public Works Demartment of the Long
Becrch Naval Station furnished a glsse-enclosed, sentry-type
building to house the instrumentation associated with the
study. The building (Figure 1) wes placed on the pier along-
side the AFDL-12, end 110 volt ac power was supplied to four
outlets in the interior.

An RA-91A Signal Corps Rectifier (Figure 2), ona
special mounting frame, was placed in tha building. The
posiiive lead (#4 AWG Singlo Conductor, submarine cable) of
the rectifier was connected through a waterproof splice to
a siniie granhite anode (Figuro 3). The graphite anodes was
placed on the bottom of the harbor in 28 fuet of water di-
rectly under the bow of the A¥DL-12. The negetive lead from
the rectifier was connected amidehips, port to the upver
deck throush two thresded welded studs and a doudble run of
the submarine cable.,



Tho panel meter of the rectifier wes considered not
precise enough for the experiment, so a Weaton (0-25 amp),
bench-tyre, precision meter (Pigure 4) was inserted in the
positiva line to measurc the anode current.

The initial installetion, conslsting of the single
anode under the bow, the rectifier, and the meter was com-
pleted on 3 Novomber 1950. The initial installation was
modified on 7 November 1950 by the addition of a seccnd
anode which was connected to the positive lead and placed
on the bottom in 32 feet of wator st the stern. On 6
February 1551, the bow and stern zrnodes were replecsd with
a single enodo under the center (keel, r 13) of the ship,
Cn 6 March 1951, the single snode under the ship's center
and on the bottom was renlaced by a single !remote! anode
plecod about 400 feet off the starborrd bow in shallow
water about four feet below the low tide merk. On 17 April
1951, the remote anode was removed and the single anode
under the center of the ship wee agesin placed in service and
is part of tho present long~term installaticn,

Four coupone were added to the installation on 10 No-
vember 1950, Fach coupon is a one foot squars piece of
ships' hull steel, 3/16 inch thick. Each was cleaned in
an scid bath, photogrsphed, weighed, and connected to a ten-
foot length of #l4 AWG submarine cable through s strong water-
nroof terminsl connection. Two coupons were hung from the
port bow into two and one-half feet of water about ten feel
apart (Figure 11). The remaining two were hung similarly
from the starboerd stern. One bow and one stern couvon,
called the in-circuit coupons, were bonded to the ship
through threaded stude welded to the ship's lower deck. The
reraining bow and stern out-of-circuit couvcns were insulsted
from the ship.

A photographic record was mede of the installation.
Both 16 mm colored movies and four-inch by five-inch dlack
and white still shots were taken of the electrical components
as they were being installed and of the equivment uered in the
experimental study.

The location of the instslletion is the mooring on the
west side of pier X-ray, in the inne:r harbor at the lLong
Beach Naval Station. The water is very well protected, run-
ning currents are mild, the waters are free from silt and
pollution., The tide averaces four feeit in height.



EXPERIMENTAL PROCEDURE

A survey of the condition of the AFDL-12 was taken on 3
November 1950, just prior to the epplication of the first ca-
thodic protection current, The survey consisted of measuring
the emf, or polarization, between the ship and a ssturated
copper~sulfate refercnce half-cell suspended over the side and
dippinrg into the harjor water. A Model B, Miller Multicombi-
nation Meter, a portable iistrument wilely used for cathodic
protection testing, wes used in the turvey. Five equally
spaced stations wers established et the maindeck edge, both
bow and stern., Ten more were estabiished along the upper
deck edge at even frame numbers both port and starboard, mek~
ing a total of 30 stations around the ship, In addition, e
remote reading wes taken with the cell dipped into the harbor
water about 150 feet off the starboard bow. An initial ca~
thodic protection current of 15.4 amperes was applied on 3 No-
vember 1950 to the single bow snode eand a second survey was
taken as before. The current was set to run continuously at
15,6 amperes until 6 November 1950 when a third and a fourth
survey were taken, the third with the anode current on and
the fourth with the anode current off. Depending on the find-
ings of semiweekly surveys, chsnges were made in the anode cur-
rent and anode placement with the purpose of determining the
optimum current for a satisfactory pelarization and the opti-~
mum mumber and placement of anodes that would give the most un-
iform distribution of polerization over the underwater surface,

Later, equipment was added to increase the volume and
quality of the survey data; a Brown Strip Chart Electronik Re-
corder was modified into a linear recording potentiometer for
the range of 600 to 1200 millivolts, (see schematic Figure 12).
In addition to reducing the human error in the taking of data,
the recorder served in meking time studies of the growth and
decay of polarization during unattended periods. A calibrsted
Esterline-Angus Recording Milliammeter was connected across a
shunt in the anode circuit and thereafter kept a continuous
strip-chart record of the total cathodic prctection current.
Figure 17 is a block diagrem of the essential parts of the ca-
thodic protection inetallation,

After three months in which cathodic protection was ap-
plied to the ship, the two bow coupons were removed and re-
turned to the laboratory where they were carefully checked for
loss of metal. The weighings are tatulated in Table 2. One
coat of #14 anti-corrosive (anti-fouling) peint was applied to



the bare metal plates in accordence with referencs 5, and the
two coupons were as2in installed at the tow. These plates are
being watched clozely for evidence of paint stripping.

The initial around-the-shin type of survey wes estab-
lished ae¢ being the most practical to give reoresentative and
fairly complete data on polarization and current distribution.
It waas quickly realized that this data was not complete in
that the condition of large areas of the uncerwater hull could
not be know: by direct messurement. To remedy this situstion
a riz was designed and fadbricated st the ladoratory (Figure 55,
vhich rig served to carry a reference half-ceil to all psris
of the underwater huli by a keel-~haul technique. From bottom
surveys ® made, equipotential contours were drawn (Figure 15),
showing clearly the location, extent.,and potential of the
anodic and cathodic areas. The rig was feshioned from maple
wood, boiled in paraffine, and lucite. 3Brass and copper hari-
ware was used. Two, single conductor stranded wire cables, #18
flamenol, fastened to eyelets on opposite edges of the bcx-like
rig, were used to tow the structure into the measuring positions,
Ona of the two lines connected the haif-cell mounted in the cen—
ter of the rig to = measuring bues bonding all stziions.

Weights were attached to the rig and edjusted uniil the whole
had a slightly negetive bouyancy.

LABCRATCRY PHASE

The problems connected with the close surveillance of
the underwater hull, namely the distance to Long Beach and un-
derwater inspection, led to & decision to undertake some peral-
lel experiments at the ladoratory to tetter study the paint-
stripping effects of the cathodic protection eurrent. These
tests, ccnducted with mild steel plates in a sea-wvater bath,
inclu?e a study of the stripning effect on the types of paint
used on the ATL-~12 of (a) a constant preset current and (b) a
constant preset polarizetion regardless of current required to
maintain polarization. In the course of these tests, a one-
tube current stabilizer was designed and buii4 (Appendix II),
whic™ device serves to keev essentially a sonstant current flow-
ing into a load such as an electrolytic cell whose resistance
tends to vary. This circuit differs from the usual pentode cur-
rent stebilizer (PFigure 19) in that the currert mey be edjusted
by a change in the dc supply voltags.

An Industrial Instrument, Model EC-1b, conductivity
bridge was used to check the salinity and conductivity of sea-



wvater samples taken from pier X-ray.
RESULTS AND DISCUSSION

Analysis of the harbor water showed a salinity of 34
ppt and a resistivity of 31 ohm—em at 18 degrees Centigrade.,
Thenae velues agree closely with those from open sea water;
and, since there are no fresh water or pollution sources in
the harbor, the results geined here aro considered typical
for sea water,

Figure 13 is a doudle plot against time of the total
cathodic protection current and ths polarization as messured
at the remote station, The remote statior wae chosen as read-
ing an average polarization for the whole submerged surface
and, therefore, the best single poirt to monitor. The rule,
goenerally followed in these messurements, ie that the refer-
ence half-cell mecasures an average of the rolarization over
a circular area whose radius is of the order of magnitude as
the iistence to the surface.

Figure 14 shows the variation of the polarization in
successive surveys as mcasured at the 30 stations around the
ship, The number to the left of each plot 1s the number of
days that protection had been applied when the around-the~
ship survey was made. The base line in each case is the re-
mote polarization whose magnitude i3 recorded on the graph
of Figure 13 described above.

Figure 15 shows four bottom contoure which give & more
nearly complete picture of the underwater huil conditions,
The zero contour corresponds to the remote polarization
given in Pigure 13,

It will be noted that the remote polerization (Figure
13) as measured before the application of cathodic protection
is 667 millivolts (mv). At the end of three days with 15.6
ampe through a single bow anode, the polerization rose to 926
mv, For the next two months, using a bow ard stern anode, the
current was set at different levels and successive readings
wore taken to determine the steady state value of polarization
that would occur with a given steady anode curreant, From tha
values obtained, the curve in Figuce 16 is piotted, Brition
and Ewinglo state that such a curve should have & breek or
knee, and the value of polarization determined by the inter-
section of line segments above and btelow the knee and its



corresponding current ere optimum for cathodic protection. The
current required to meintain this polarizstion mignt change 1if
the effective aresa of the metal in contact with the electrolyto
should change.,

Since the offective area of ba e meta} in contact with
sea water is likely to change with time, due to deteriorstion
of the protective costings, this criteria is not to be fully
trusted. However, it does offer an interesving correlation in
that the optimum current by tho potential dreak method is 7.2
ameres, and current actuaslly used to meintain a remote polar-
ization of 0.85 is 7.5 smperes.

Teble Il showe in tabular form the loss of metal frcm two
bare, one .foot souere plates of ships' hull eteel used &s cou-
vons. The one connected into the casthodic protection cirecuit
for three months lost one-half gram of weignt which is of the
order of magnitudo of error arising from reneated weighing of
the samples. The couvon not connected into the cathodic protec-~
tion systen lost U8.5 grams in the same interval., Sincs each
plate effectively hees two square feet of area, this represents
a corrosion loss of about 100 grems per squere foot ver year,
If the surface corroded evenly, this loss would represent about
0.005 inches per year, an undesirsble rate., When pitting and
channel ing occur, the depth penetrated can be much greater and
more serious,

The bdenefits of cathodic proteciion must bde reckoned in
terms of economies gained in the hull maintonance of the dry
docks. Used in conjunction with protective coatings, cathodic
protection should more than double the normal time between dry
dockinea, A saving is effected in the cost of dry docking and
repainting es well as keeping the ship in reedy condition dur-
ing the time that otffrvise would be used for repair, The
Hinchman Corporation”" estimstes the cost of one dry docking
for hull reconditioning at about $5003., Tho cost of the ma~
terials for the single anode cethodic protection system instal-
led in the AFIL-12 is listed.

1. 1 Rectifier, Signal Corps type No. RA-91A $265
output: (0-20) amps do, (0-~96) volte in
14l steps

input: 110, 220volts, ac, 60 cycles
2. 1 Anode, sodium treated grevhite, 4" diam x

40" jong, waterproof comnectica 20
3, 50' Oable, #U4 AWG, Submerine Buna~-S or

Neovrens covered 25

TOTAL COST $310



Monitoring equipment, such as the Multicombination Meter,
Miller type, Model B3, sells for about $4P5, including copper
sulfata reference cells. One such meter could be umed to moni-
tor seversl cathodic protection installations.

To the above baric material and instrumentation costs must
be added the labor and miscellany involved in making the instal~
latinn plue the cost of the engineaering and monitoring services.
The cost of power is negligible as evidenced by the thirty-five
watts drawvn from the rectifier in protecting the AFIL~12, Uow-
over, supplying pcwered recentacles and housing for the rocti-
fier on the mooring pier involves arother unknown first cost,
nevertheless small.

CONCLUSIONS AND RECOMMENDATIONS

In view of the fact that the work describded herein, nemely
the study of a cathodic protection system on a floating dry
dock, is not complete, the conclusions are based on short-term
results (six months) and are subject to possible revision based
on long-term findings (one yeer or more). It is recommended
that the prcject bu continued as long as the AFIL-12 cen be
made availatle.

It is thought that electrode placement for unierwater hull
protection has been explored sufficiently to warrant no fur-
ther study on the AFDL-12. No further simplification of the
anode configuration apvears desirable since the results here
roported indicate a single anode placed amidships and on bot-
tom is sufficient. However, the prodlems should be studied for
anodes supported from the ship and for multiple ship installe-
tions,

The short-term program has ostablished the renge of anode
current required to insure a polarization greeter than the so~
lution potential of the ships' hull material. It remains for
p larger scele statisticel study to determine the critical
polarization for complete protection.

No signs of peint stripning or damege to the protective
coatings on tho underwater mll, due to the currents used in
the short term program, are evident.

The power and equipment requirements are shown by this
study to be exceedingly small. Protection is meintained with
less than eight amperes of direct current at four volts through




a single graphits anode lieing on the boitom and connected
with submerine type (neovrene or Buna-S jecketed) cable.

The cost of the materials used in the installation is es~
timated to be under 3400, excluding the testing equipment.
Sufficient testing equipment, such as the Moiel B3, Miller
Midticombination Meter, to install ani monitor several dry
dock cathodic protection systems can pe procured for $500.

Monitoring surveys hasve been reduced in frequency to
twice a month. It g believed thet conditions sre stable to
the extent that bimonthly surveys will suffice.

The steztion power scurce has been suffiziently conetant
to carry on this study without additional current regulation.
1t is desiradbla for advancing the art that equivment be de-
veloped to automatically monitor the stete of the shio and
adjust the current to the optimum value. Such ecuipment
would te especially desirable in areas whers wide veriations
in the anode current are experienced and a close monitoring
schedule is difficult to maintain.

Another study of interest would be the correlstion be-
tween current required to meintsin a steady stete polariza-
tion and the effective uncosted area. Intuitively, one would
assume them linearly proportional; however, the size of the
vessel, movement of the waters, etc. may be factors. If the
proport ionality were established, one could epply cathodic
protection to a ship in a known herbdor, record the current re-
quired for protection and compare with the known area of the
mill. From this data, end without e diver's survey, the ef-
fective bare area may bo determined.




APFPENDIX I

Basic Princinles of Cathodic‘Protection

¥hen a metal, labeled A, is pertislly submerged in an i
electrolyte (Figure 6), there is a taondency for the atoms of
the metal to dissociate into an electron, (=), and a metallic
ion, or cation, MF, The catione go into tho solution while .
the electrons remain in the metal, giving rise to an emf
acroes the interface, Thie emf is called the solution pres—
sure, and its megnitude devends on (a) the type of metal, (b)
the type of electrolyte, end (¢) the temperature., When a
plece of metal, labeled B, having & lower solution pressure
is connected to the plece of metal L (¥igure 7), electrons
migrate along the conductor from A to B, The precept of con—
vention eays that current flows in the conductor from B to A
and a primery cell exists, of which A ie the anode and B is
the cathode. The current will contirue to flow until the
anode metal is completely consumed, while at the cathode any
tendency for the metallic ions, M §, to go into solution will

be reverscd and other cations of the electrolyte will be de-
posited there as noutral atoms. The process will continue
until interrupted by ore of the following eventualities! (a)
a layer of the anodic meterial will deposit on tha cathode,
in which case a couple or primary cell no longer exists, (b)
the circuit is bdroken so no current can flow, or (¢) & re~
verse emf of a magnitude equal to th2% of the couple is in~-
serted in the current path and the net driving voltage of the
circuit vanishos.

The rate at which the corrosion occurs, or rather the
anode is consmimed, depends on (a) the magnitude of the result-
ant emf of the dissimilar metals in contact with the electro-
1yte, (b) the ohmic resistance in the current circuit, end (c)
the amount of dack emf inserted in the current circuit. All
conductors or metals may be arranged in a table called the
electromotive series (Tabdle 1); the corresnonding emf listed
in the table is that of a primary cell which has the metal con~
cerned in equilibrium with its lons as omne electrode and hydro-
gen in equilivrium with hydrogen iors as the second electrode,
The algebriac difference between any two elements listed here
18 the emf of a primary cell formed from the two in a solute
containing, under standerd conditions, the ions of each., In
ideal cases, the electrolyte in contact with one electrode
contains cetions of only that metal ani in known concentra~
tione: & liquid junction is thus required to complete the
circuit. The Daniell or gravity cell is a good example of
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separating the electrolytes; in this case the 1igquid junction
is mainteined by a difference in the specific gravity of the
two electrolytes.

The conductivity of the electrolyte is perhaps the de~
termining ohmic element in the current circuit¢, thus it fol-~
lows that sea wrter and soils with high salt content will be
more corrosive than soils and weter with small amounts and
resulting low conductivity,

Back emfs arise from one of two causes: (a) Tho pro-
ducts formed by the passage of current mey tend to collect or
concentrete at one electrode. Thesse products have their own
solution vressures and consequent emf, and in keeping with the
woell~known princinlo of reesction, this emf opnoses the primery
cell end tends to reduce the driving voltege in the circuit,
Thies effect is celled polarizetion. (b) Current from an ex~
ternal source may flow in a resistance comron to the primery
cell circuit and in a direction such thet the ohmic drop op-
poses the voltege of the primary cell. Mitigstion of the cur-
rent discharge from an anodic area by introducing a counter
omf across a common resistance through the application of en
external current or voltace 1s the besis of cethodic protec-
tion., Electrically, the former corroding or anodic area is
made to receive a net current rather than to discharge cur-
rent and in that sense becomes a cathode, hence the name 'ca-
thodic protection!.

A single piece of metel in contact with an electrolyte
cen corrode electrolytically because of the existence of ca-
thodic and anodic areaa. Such areas are caused by local in-
homogenieties in the meterial or electrolyte. Impurities,
strains in the metal, differences in concentration and compos~
ition of the electrolyte can give rise to local primery cells
on a seemingly homogeneous surfece. The current flow in such
a cell is shown in Figure & along with an aquivel ent circuit.
Figure 9 shows the currents and voltages involved when cathodic
protection is applied. Va, Vb, and V,, respectively, repre-
sent the open circuit potentisls of the ancdic area, the ca-
thodic protection power source, and the cathodic area. Ry,

Ry, end R, sre the effective resistances associated with the
above voltages, 1& is the net current flow from the anodic
area, ib is the current from the cathodic protection source,
and ic is the net flow into the cathodic area. Complete pro-
tection is obtained vhen 1a becomes null which further requires

icRe = Vg

11




Monitoring the net current flow into a1l perts of an ex-
tended anodic area 1s next to imposaible, so cne looks for a
more practical wey of datermining when sufficient protection
current hes been apnlied.

Reference Half<Cells and Polarization

As stoated earlier, the full electrochemicsl voltage as
listed in the table of electromotive series (Table 1) exicts
when no ocurrent flows from the primary cell. When current
does flow neutralized anions become atoms und are deposited at
the anode; reutrelizsd cetions become atoms o1 molacules et
the csthode. Each has its own soluiion potential end thus mod-
iflies the resultant erf in the circuit. The net driving voltaze
in the circuit is thus reduced to scme velue below the oven-
circuit electrochemical potentisl. In come cases, where the
back voltage or polarization due to the products of eloctrolyeis
approaches the electrochemical oven-circult potentiesl, the net
current from the anodic srea is reduced from an initial high
value to a negligible one and further corrosion is arrested.

When a cethodic protection current is applied to a piece
of metal, the electrolyte is first clierred of cetions of the
metal, then cations next above the metel in the eloctromotive
serios will become neutral atoms on the metsl surface and the
resulting polarization cen be higher than the electrochemical
potential of the metal., Polarization as uscd in this paper re-
fers to the solution potential of the nlements of electirolysis
and does not include any voltage arising from the ohmic drovs
in the system; 1t is an open-circuit potential. ¥From the fore-~
going discussion, one can see the merit in the criteria for
protection which states that protection is complete when the
polarization in the anodic area is equal to or greater than the
anodic eolution potential.

Reference helf-cells are commonly used to determine the
polarization of metals in an electrolyte. The following re-
quirements ere listed for a satisfactory reference half-cell:

1. It should have no polarization romaining from the
passags of current other than its electrode sclution poten—
tial, Consequently, a pure metal and an electrolyte contain-
ing cations of only the electrode metal is used, When the
eloctrolyte solvent is water, as it neariy elways is, the
metel used lies below hydrogen in the eleoctromotive series.

2. The potential of the reference half-cell should be

12




known, constant, and reproducidle., Since the emf depends
on the concentration of the cetions in the electrolyte, it
is common to use a saturated solution. Saturation is main-
tained by leaving a surplus of undissolved selt in contact
with the electrolyte at all times.

3. A porous membrane is required to separate the
half-cell electrolyte from that of the protected specimen.
The membrene permits ionic conduction but prevents circu-
letion and contamination of the referense cell elcctrolyte,

4, The materiels chosen should be readily obtainable
and should possess small temperature coefficients.

The copper sulfate:copper rcference half-cell shown
in Figure 10 meets the above requirecments adequately for
moe% field work whore large variations in tempersture ave
not experienced, The theorcticsl potentia) E of btright
steel against a saturated CutCuSOy half-cell is

E = 0,785 4 0.029 log Coy +*
(:ib +t

vhere (Cp  ++ is the effeotive concentration of ferrous ione
in equilibrium with iron®,

Criteria for Protection

Reduction of the snodic area current to gero is the
ultimete criteria for determining the minimum spplied cur-
rent for complete protection., However, it remalns en im-
practical one for an extended surface containing random
anodic and cethodic aress, Practicel criteria that one
can use in the field fell into three msin sgroups!

1. If one knows approximstely the true solution po-
tential between the metal to be protected and ite environ-
ment, polarization produced by the cathodic protection cur-
rent cen be monitorcd at revresentative ereas of the speci-
men and the current adjusted to give a polarization slightly
greater than the solution potcntial.

2. By non~destructive testing mathods, one can record

the rate at which the specimen is deteriorating and then ad—
just the protection current until the rate is minimiged.

13




3> A third criteria vhich may be used in eddition to or
in lieu of 1 and 2 is the uee of coupone or test pictes,
Plates are made from materisl as near as practicable to the
specimen and are placed in typicel sectione of the corrosive
elactrolyte. One group of coupons is ellowed to corrode
freely in the environment while a sccond group is connected
into the cathodic protection system. Comperative weighing and
inspection of the coupons before and efter a specified poriod
of time will indicate how successful is the protection system.

A range of polarization of 0,80 to 0,90 volta for ships!
hulls in ses weter hes beenurecommended in a report to the Ad-
miralty Corrosion Committee as a safe range for monitoring.
Complete protection should be obteined within this range with
no tendency for peint stripnirg due to the evolution of hydro-
gon., The more narrow range of 0.80 to 0.85 voltsy is widoly
used as the safe protecled zono for the polarization of iron
using a saturated copper sulfate reference halfcell,

Precautions

Current in excess of the minimum required for complete
protection will, by the process of electrolysias, deposit
elements whoge ceiions exist in the elsctrolyte. Two mzin
dangers exist from the deposited elements:

1, If a gas is formed ss in the case for hydrogen,
blisters may form to loosen the paint or protective coeting
on the specimen,

2. A metellic element may be deposited which may in
turn hydrolyze into a strong alkeli tending to dissolve the
specimen,

In genersl, no harm is done by a slight current in ex-
cess of that recuired for protection; the protection is no
less complete and the excess products diffuse into the elec-
trolyte or bubdbdble harmlessly into the air,

14




APPENDIX II

Celculate osg rate witho

Density of iron

Bare area of coupon

Weight lost by
unprotected coupon

V, volume lost per yr

Thickness lost
per yeer

7.86 grams/cubic centimeter

2,0 w#q.ft = 288 sq. in,

43,5 grame in 3 months

48,5 x4 co = U85 x 4 x 0,061 in.

7.86

v 1n3

Area 1n2

15

7.86

u8.5 x 4 x 0,061 = 0,0052 in.
“7.86x 2 x 144




APPENDIX III

A Dual~Triode Current Stebilizer

Figure 18a is the schematic diagrem of a cirecult used
to stabllize the current 4in an electrolytic cell. The cell
is used in the ladboratory phase of the cathcdic proteotion
studies., The current 1s essentially independent of varia-
tions in the cell (herein called the load) resistance. It
does not stabilize against supply voltage variations as does
the better known pentode circult which uses a stabilized
screen grid voltage.

Figure 19 1s the schematic of a typicel pentode ata~
bilizer.

When used with a regulated, adjustable voltoge type of
'B! supply, the duvel~triode stabilizer will maintain essen~
tially constent the curreont in a variadble load. The value
of the current is determined by the 'B! supply voltage within
the limits of the triode plate current. A brief analysis of
the duzl-tricde current stabilizer follows.

Using the equivalent circuit theorem for triodes which
permits the grid voltages to be increased by the amplifica-
tion factor, u, and injected into the plate circuit along
with the plate resistence, rp. the eguivalent circuit of

Figure 18¢ is drawn from the ideslized schematic of Figurs
18b, If a change 2\ R occure in the load R without stabil-
ization, a correeponding chenge of 42511 would occur in

the load ocurrent 11. * However, with stabilization 4;=11 is
made to approach zero so that in the loed circuis

u RL 4<:>12 o il o R | (1).
While in the plate circult of the second tricde
(rp4- R) L dy=u RoAAY (2).
Flimineting £\ 1, from (1) and (2)
oy o8B | neR | (3)s
1 ueRg By, *J
16
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1& can generslly bo ehosen lerger then rp, 80 a good approxi~
mation to (3) 1s given by

&Yy  OoR (4,

-
-

or

b = ' S eh (5).

A 11 ueng

The degree of stabilization §, expreesed as the fractional
change in the load current per unit change in loed resist-
ance is inverscly orovortional to the product of the ampl i~
fication fector equared and the grid resistance in serios
with the lord,

In the circuit of Figure 18a vhere R = 100,000 ohms
and u = 30,

1 1 1

Eéng ©  (900) (100,000) - 9xm07

-11x0°8

$ .

This amount of stabilization was not realized in practice
because self-bias was used on the socond triode, theredy re—
ducing the effective u,

17
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Tchle 1
Serics of Some Common Metals,*

ELIMEIT Eo_(Volts) .
Magnesium, wH + 1,866
Zinc, AL + 14248
Zinc, ZyH + 0,7618
Iron Fett + 0,441
Tin,  Sn** + 0,136
Hydrogen, Ht + 0.000
Copper, Cutt - 0.3441
Iron, Fe*t+ = 0T
Silver, Agt | | - 0,7978

- -

* From Lange, Handbook of Chemistry (1935), pp 685.

Table 2

Comparison of Weight Lost by Protected
and _Unprotected Counons,

Coupon #1 Coupon #2
{In circuit) {Out_of circuit)
Weight: Instelled 11/10/51 3591,0 gm 3567.5 gm
Weight: Removed 2/6/51 3590,5 3519,0
Weight
Lost: 3 months submerged 0,5 gm 48,5 gm )

20




FIGURE 1. [INSTRUMENT BUILDING.

FIGURE 2. RA-91A RECTIFIER.




FIGURE 3. GRAPHITE ANODE.

FIGURE 4. PRECISION BENCH TYPE AMMETER.
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FIGURE 5. BOTTOM OF KEEL HAUL RIG (AFDL 12).

FIGURE 5b. TOP VIEW OF KEEL HAUL RIG (AFDL 12),
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